
CHAPTER II 
LITERATURE REVIEW

2.1 Thermoplastic Elastomer (TPE)

T h e r m o p la stic  e la s to m e r  (T P E ) is  a c la ss  o f  c o p o ly m e r s  or  a p h y s ic a l m ix e s  
o f  tw o  or m o re  p o ly m e r s  to p rov id e  a particu lar m ateria l that h a v e  ea c h  p rop erties  o f  
th em . C o m m o n ly  T P E  is  a c o m b in a tio n  b e tw e e n  rubber and th e r m o p la st ic  w h ic h  
c o n s is t  o f  b o th  th erm o p la stic  and e la s to m e r ic  p rop erties.

♦ > Classification of TPE
T h ere  are s ix  ty p es  o f  th erm o p la st ic  e la s to m e r  w h ic h  d iv id e d  b y  e c o n o m ic a l  

c o n s id era tio n . T h ere are tw o  m ain  c a te g o r ie s , m u lt i-b lo c k  c o p o ly m e r s  and p o ly m e r  
b len d s. T h e  T P E  c la s s if ic a t io n  chart is  sh o w n  in F ig u re  2 .1 .

T P E  -  บ 

T P E - A  

T P E  -  ร  

T P E  -  E

thermoplastic polyolefins

------ T P E  -  o
non crosslinked

------T P E  -  V
crosslinked
(dynamic vulcanizates)

F ig u r e  2 .1  C la s s if ic a t io n  o f  T P E  (S c h a r n o w sk i, 2 0 0 5 ) .

T h e  first ca te g o r y  is  b lo c k  c o p o ly m e r s  w h ic h  c o n s is t  o f  an e la s to m e r ic  
b lo ck  and  a hard b lo ck . T h e  b lo ck  c o p o ly m e r s  w ere  sep ara ted  in to  4  ty p es  w h ic h  are  
p o ly u re th a n e /e la sto m er  b lo c k  c o p o ly m e r s  (T P E -U ), p o ly a m id e /e la s to m e r  b lo c k  
c o p o ly m e r s  (T P E -A ), s ty r e n e -b lo c k  c o p o ly m e r  (T P E -S )  and  p o ly e s te r -b lo c k
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c o p o ly m e r s  (T P E -E ). T h e  s e c o n d  ca teg o ry  is  p o ly m e r  b len d s  w h ic h  are  
p o ly e th y le n e /p o ly (a -o le fm )  b lo c k  c o p o ly m e r s . T h e se  T P E  b le n d s  can  be d iv id e d  in to  
2 ty p e s  w h ic h  are a  n o n -c r o ss lin k e d  rubber p h a se  (T P E -O ) and th er m o p la st ic  
p o ly o le f in s  w ith  a c r o ss lin k e d  rubber p h ase  (T P E -V  or T P V ). P artia lly  an d  fu lly  
c r o ss lin k e d  T P E -V s  are w id e ly  u se  in an a u to m o tiv e  in d u stry  b e c a u se  their  
p ro p erties , lo w  h ard n ess  and h ig h  u s in g  tem peratu re u n til o v e r  100 °c, and th is  T P E -  
V  ty p e  in v o lv e s  a d y n a m ic  v u lc a n iz a tio n  (S c h a m o w s k i, 2005). T h e sc h e m a tic  
stru ctu res o f  the tw o  c a te g o r ie s  o f  T P E  are sh o w n  in  F ig u re  2.2.
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Figure 2.2 S c h e m a tic  stru ctu res o f  T P E , (a) b lo c k  c o p o ly m e r s  an d  (b )  p o ly m e r  
b len d s , (S c h a m o w s k i, 2 0 0 5 ) .

❖  Dynamic Vulcanization
T P E -V  is  p ro d u ced  by d y n a m ic  v u lc a n iz a tio n  that s o m e t im e s  referred  to  

d y n a m ic  v u lc a n iz a te  (D V ) . D y n a m ic  v u lc a n iz a tio n  is  th e  b est m eth o d  to p ro d u ce  
T P E -V . It is  the p r o c e ss  o f  v u lc a n iz in g  an e la s to m e r  p h ase  d u rin g  its m e lt  m ix in g  
w ith  a m o lte n  p la st ic  p h a se  (H o ld e n  et al., 2 0 0 4 ) .  G en era lly , th e se  m e lt  m ix in g  
p r o c e ss  ca n  b e d o n e  b y  banbury m ix e r s , m ix in g  ex tru d ers, and  tw in -sc r e w  ex tru d ers, 
but tw in -sc r e w  ex tru d ers are c o m m e r c ia l o n e  and  c o m m o n ly  u sed . In an ex tru d er , the  
d y n a m ic  v u lc a n iz a tio n  is  d o n e  b y  m e lt-b le n d in g  o f  a th erm o p la st ic  m atrix  p h a se  and  
a rubber p h ase  first. A fte r  w e l l-m ix e d  b len d s  w e r e  form ed , th e  c r o s s l in k in g  are 
g en era ted  b y  m ea n s o f  cu rin g  a g e n t or v u lc a n iz in g  ag en t w h ic h  is o n e  o f  the  
in g red ien t ad d ed  to g e th er  in to  th e  ex tru d er  at a se c o n d  o p e n in g . T h e  v u lc a n iz a tio n



will occur while mixing proceed continuously. The schematic of extruder profile is
shown in Figure 2.3.

Thermoplastic Elastomer

Figure 2.3 S c h e m a tic  o f  ex tru d er  p ro file  for  d y n a m ic  v u lc a n iz a tio n  (S c h a m o w s k i,  
2 0 0 5 ) .

blend stage final stage of 
vulcanization

Figure 2.4 S c h e m a tic  o f  m o r p h o lo g y  d e v e lo p m e n t o f  d y n a m ic  v u lc a n iz a te s  d u rin g  
th e  c r o s s lin k in g  (S c h a m o w s k i, 2 0 0 5 ) .

D u rin g  th e  c r o s s lin k in g  p r o c e ss , a rubber p h a se  v is c o s ity  is in c r e a se  w h ile  a 
th er m o p la st ic  p h a se  v is c o s ity  s ta y s  the sa m e. A b d o u -S a b e t  et al. (1 9 9 6 )  in d ica ted , I f  
th e  rubber p h a se  h as a  h ig h  c r o ss lin k  d e n s ity , th e  rubber p h a se  w ill  d e fo r m  under  
sh ear  stre ss  w ith  r ip p in g  apart. O n  th e o th er h an d , the p oo r  c r o ss lin k  d e n s ity  let the  
rubber p h ase  u n d er g o  large d e fo r m a tio n  and rem ain s c o -c o n t in u o u s  p h a se  a s  s e e  in
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F ig u re  2 .4  In 2 0 0 5 , S c h a m o w sk i c o lle c te d  the o p tim u m  c r o ss lin k  d e n s ity  and fou n d  
that it sh o u ld  b e  10 to 2 0  10~5 m o l/c m 3.

♦ > TPE Properties
O n e o f  the p u rp o ses  o f  d y n a m ic  v u lc a n iz a tio n  is to  p ro d u ce  c o m p o s it io n s  

w h ic h  can  im p r o v e  b oth  m a ter ia ls  p rop erties. I f  the e la s to m e r  p a r tic le s  in  the b len d s  
are sm a ll e n o u g h  and fu lly  v u lc a n iz e d , th e  p rop erties o f  T P E -V  are im p r o v e d  grea tly  
(A b d o u -S a b e t  et al., 1 9 9 6 ) as sh o w n  in  F ig u re  2 .5 .

F ig u r e  2 .5  A b d o u -S a b e t et a l . , (1 9 9 6 )  resu lt in d ica te  th e  e f fe c t  o f  rubber p artic le  
s iz e  o n  stress-stra in  p rop erties  o f  T P E -V  (S c h a r n o w sk i, 2 0 0 5 ) .

T h e  im p ro v ed  p ro p erties  o f  th e  T P E -V  are the u lt im a te  m ec h a n ic a l  
p ro p erties , grea ter  h ot o il r e s is ta n c e  and o th er  flu id s , b etter  h ig h -tem p era tu re  u tility , 
red u ced  p erm an en t set, im p ro v ed  fa tig u e  res is ta n ce , greater s ta b ility  o f  p h a se  
m o r p h o lo g y  in th e  m e lt  sta te , and  m ore r e lia b le  and a b le  to  fab rica te  th e r m o p la st ic . It 
ca n  b e sh o w n  so m e  im p ro v ed  p rop erties o f  T P E -V  in F ig u re  2 .6 .
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Figure 2.6 A b d o u -S a b e t  et al., ( 1 9 9 6 )  resu lt in d ica te  th e  e f fe c t  o f  cu r in g  on  
m e c h a n ic a l p rop erties and  o il s w e l l  o f  T P E -V  (S c h a m o w s k i, 2 0 0 5 ) .

❖  Literature Review Regarding to TPE
A . M o u sa  et al. ( 2 0 0 0 )  fo u n d , th e  m e lt  r h e o lo g ic a l b e h a v io r  o f  p o ly (v in y l  

c h lo r id e ) /e p o x id iz e d  natural rubber (P V C /E N R ) th erm o p la st ic  e la s to m e r s  (T P E s)  
w a s  s tu d ied  w ith  a sp e c ia l re feren ce  to  th e  e f fe c t  o f  d y n a m ic  v u lc a n iz a tio n , ap p arent  
sh ear rate and tem p era tu re u s in g  a tw in  s c r e w  ca p illa ry  rh eom eter . P V C /E N R  T P E s  
w er e  co m p o u n d e d  w ith  a tw in  s c r e w  extru d er. A t  a  p articu lar tem p era tu re  it w a s  
fou n d  that the apparent v is c o s ity  d e c r e a se d  w ith  in crea sed  in  ap p aren t sh ear rate  
fo l lo w in g  a p se u d o p la st ic  b eh a v io r , th u s in d ica tin g  that the d y n a m ic a lly  v u lc a n iz e d  
T P E s are p r o c e ss ib le  a s  th erm o p la stic s .

T h e  e la s tic  p h e n o m e n a  w er e  in v e s t ig a te d  b y  c a lc u la tin g  th e  d ie  s w e l l  w h ic h  
w a s fo u n d  to b e  a ffe c te d  b y  the ap p arent sh ear rate and p r o c e s s in g  tem p era tu re. T h e  
extru d ate  su rfa ces at d ifferen t apparent sh ear  rates w e r e  s tu d ied  b y  m e a n s  o f  o p tica l 
m ic r o sc o p y . T h e p h o to m icro g ra p h s o f  th e  u n cu red  and cu red  w ith  1 phr su lfu r  
P V C /E N R  T P E s ex tru d a tes  ob ta in ed  at 10, 4 0  and  8 0  rpm  at 1 5 0 ° c  are sh o w n  in 
F igu re 2 .7  and 2 .8 , r e sp e c tiv e ly .

It w a s  o b se r v e d  that as apparent sh ear rate in crea ses  th e  ex tru d ate  su rfa ce  
e x h ib its  a  h ig h er  d eg ree  o f  d efo rm a tio n , th e  e x te n t o f  w h ic h  is  a ls o  d ep en d en t o n  the 
su lfu r  co n cen tra tion .
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(a)

Figure 2.7 P h o to m icro g ra p h s o f  th e  u n cu red  P V C /E N R  T P E s ex tru d a tes  o b ta in e d  at 
(a) 10 rp m , (b ) 4 0  rpm , (c )  8 0  rpm  at 150°c (A . M o u sa  et a l ,  2 0 0 0 ) .
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(b)

Figure 2.8 P h o to m icro g ra p h s o f  th e  cu red  (1 phr su lfu r) P V C /E N R  T P E s  ex tru d a tes  
o b ta in ed  at (a) 10  rpm , (b ) 4 0  rp m , (c )  8 0  rpm  at 150°c (A . M o u sa  et a l ,  2 0 0 0 ) .

❖  Applications of TPE
T h e b e g in n in g  o f  th e  u s e  o f  T P E -V  is  to  su b stitu te  e la s to m e r  in  e x is t in g  

a p p lica tio n . T h ey  are u sed  w h e r e  c o n v e n tio n a l e la s to m e r s  ca n n o t p r o v id e  th e  ran ge  
o f  p h y s ic a l p rop erties  n eed ed  in  th e  p rod u ct. T h e se  m a ter ia ls  fin d  large a p p lic a tio n  in  
the a u to m o tiv e  sec to r  and in  h o u se h o ld  a p p lia n c e s  se c to r  th u s the s c ie n t is ts  h av e  
b e e n  d o n e  to in n o v a te  o il r e s is ta n c e , h ot s ta b ility  as w e ll a s  c o m p r e ss io n  se t red u c in g  
in  e la s to m e r  fie ld .
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A n o th e r  reason  is  a m a n u fa c tu r in g  m eth o d . T P E -V  can  b e  d o n e  in  gen era l 
m an u factu rin g  m eth o d  lik e  th er m o p la st ic  su c h  a s  e x tr u s io n  m o ld in g , in jec tio n  
m o ld in g , c o m p r e ss io n  m o ld in g , b lo w  m o ld in g , th erm o fo rm in g , and h eat w e ld in g . 
B u t the m o st  im p ortan t m a n u fa ctu r in g  m e th o d s  are e x tr u s io n  m o ld in g  and  in jec tio n  
m o ld in g . T h ey  h a v e  p ro d u ctio n  parts in  o n ly  o n e  step  and  a lso  fast jo in ts  that e a sy  to  
d e -m o n ta g e  lik e  2 -c o m p o n e n t-in je c t io n  m o ld in g  (J iird en s, 2 0 0 2 ) . T h e  a u to m o tiv e  
p rod u cts c o m m o n ly  m ad e b y T P E -V  are su sp e n s io n  b u sh in g  for a u to m o tiv e  
p erfo rm an ce  a p p lic a tio n s  d u e  to it h as a r e s is ta n ce  to  d e fo rm a tio n  greater than  
regu lar rubber b u sh in g s . F or o th er  p ro d u cts , T P E -V  ca n  u se  as an e le c tr ic a l ca b le  
ja c k e t  or m o s t ly  in n er in su la tio n  in p ortab le  cord .

T P E  m a ter ia ls  h a v e  th e  p o ten tia l to  b e  r e c y c la b le  s in c e  th ey  can  b e m o ld e d ,  
ex tru d ed  and reu sed  lik e  p la s t ic s , but th ey  h a v e  ty p ica l e la s t ic  p ro p erties  o f  rubbers  
w h ic h  are n ot recy c la b le  o w in g  to  th eir  th e r m o se tt in g  ch a ra c ter is tic s . T P E  -a lso  
req u ire little  or n o  c o m p o u n d in g , w ith  n o  n e e d  to add re in fo r c in g  a g e n ts , s ta b iliz e r s  
or cu re s y s te m s . H en ce , b a tch -to -b a tch  v a r ia tio n s  in  w e ig h t in g  and m eter in g  
c o m p o n e n ts  are ab sen t, le a d in g  to im p r o v e d  c o n s is te n c y  in  b oth  raw  m a ter ia ls  and  
fab rica ted  a r tic le s . T P E s can  b e  e a s i ly  c o lo r e d  b y  m o st  ty p e s  o f  d y es . B e s id e s  that, it 
c o n su m e s  le s s  e n erg y  and c lo s e r  and m o re  e c o n o m ic a l co n tro l o f  p rod u ct q u a lity  is  
p o ss ib le .

2.2 Peroxide Vulcanization System

T h is  v u lc a n iz a tio n  sy s te m  u se s  p e r o x id e s  as a v u lc a n iz in g  ag en t. T h e  h ig h ly  
o fte n  u se  p e r o x id e s  are D ic u m y lp e r o x id e  and  b is -(t -b u ty lp e r o x y  iso p r o p y lb e n z e n e ) . 
T h e y  h av e  d ifferen t h a lf- life  at d ifferen t tem p era tu res as s h o w  in  T a b le  2 .1  P ero x id e  
h as a fast sc o r c h in g  and s lo w  cu re t im e  and  th e  cure t im e  that u sed  is  6  t im e s  o f  its  
h a lf- life . A  h a lf- l ife  w ill d e c r e a se  at e le v a te d  tem p era tu re . In g en era l, a cu rin g  
tem peratu re o f  p e r o x id e  is  in  b e tw e e n  1 6 0 -1 9 0  ๐c .  It is  n e e d  to  c o n s id e r  a cu rin g  
tem peratu re and h a lf- life  togeth er .
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Table 2.1 T h e  h a lf- life  o f  p e r o x id e s  (A k ib a  et al., 1997)

Peroxides
Half-life (min)

160 °c 180 °c
D ic u m y lp e r o x id e 8 .7 1.3

b is -(t-b u ty lp e r o x y  is o p r o p y lb e n z e n e ) 12 2

N o r m a lly  p e r o x id e  is n ’t u sed  to o  m u ch . It u su a lly  u se  o n ly  ab o u t 2 .5 -3  phr. 
I f  it has h ig h  c o n ten t, a rubber w ill  d ec r e a se  in  m o d u lu s  and e lo n g a tio n  v a lu e .  
T e n s ile  stren g th  m ay  b o th  in crea se  and  d ecrea se .

A k ib a  et al. ( 1 9 9 7 )  w e r e  d e sc r ib e d  a  p e r o x id e  c r o s s lin k in g  m e c h a n ism  as  
fo llo w e d . T h e  c r o ss lin k in g  rea c tio n  start from  th e h o m o ly t ic  d e c o m p o s it io n  
in v o lv in g  o f  p e r o x id e  to p ro d u ce  a lk o x y  rad ica ls as sh o w n  in  F ig u re  2 .9 .

h e a t  o f  l ig h t
ROOR ---------— ------- » 2RO *

Figure 2.9 T h e h o m o ly t ic  d e c o m p o s it io n  o f  p ero x id e .

T h en  p e ro x id e  ra d ica ls  w ill  ab stracted  b y  h y d ro g en  a tom  o f  p o ly m e r  ch a in  
(rubber) a s  F ig u re  2 .1 0 .

R O  • +  P - H  ---------------- > R O M  + p •

Figure 2.10 H y d ro g en  ab straction .

F rom  th e s tu d ie s  w ith  m o d e l c o m p o u n d s , th ey  are in d ica ted  that th e  
h yd rocarb on  rad ica ls (p o ly m e r  r a d ica ls)  can  o c c u r  in  tw o  w a y s  as s h o w n  in  F ig u re  
2 .1 1 . T h e se  are c o u p lin g  rea c tio n  and  d isp ro p o rtio n a tio n  reac tio n . B u t th e  
h yd rocarb on  rad ica ls p r ed o m in a n tly  u n d er g o  c o u p lin g  rather than d isp ro p o rtio n a tio n .
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C o u p lin g  2P* --------- ►  P -P  (p o ly m er  c r o ss lin k )
D isp r o p o r tio n a tio n  2P* --------- ►  P H (-)  +  P H (+ )

Figure 2.11 C o u p lin g  and d isp ro p o rtio n a tio n  o f  th e  h yd rocarb on  rad ica ls (p o ly m e r  
ra d ica ls) .

T h e  c o u p lin g  rea c tio n  fo rm s c r o s s lin k in g  b e tw e e n  p o ly m e r  ch a in s . For 
p o ly d ie n e  e la s to m e r s , e x p e r im e n ta l e v id e n c e  in d ic a te s  that th e  p rim ary rad ical 
form ed  b y  p e r o x id e  d e c o m p o s it io n  ab stracts a h y d ro g en  a tom  fro m  a carb on  a lp h a  to  
the d o u b le  b on d , as s h o w n  in F ig u re  2 .1 2 .

R RL • ÏR O  +  I /W ' (■  H 2-  c = c  11 ̂ o/v/\ --------- ►  ROH + V W 'C H — C = C H  บ'-'AA/'

t
พ ' C H — c — C H '/ W '

Figure 2.12 T h e p o ly m e r  ch a in s  c r o ss lin k  to g e th e r  by c o u p lin g  reac tio n .

In natural rubber, the m e th y l grou p  is  a ls o  rea c tiv e  to w a rd s  h y d ro g en -a to m  
ab straction . T hat is  sh o w n  in F ig u re  2 .1 3 .

_ _  J =  _ _  j " 2.RO- + พ บ ' CH2- C = CH'/ w '  — ►  พ บ ' CH2- C = C H บ พ ^ — ►  พ v r c H j-C — CH'/WV

Figure 2.13. H y d ro g en  a b stra c tio n  in  natural rubber.

Therefore, the possible structures present in peroxide crosslink natural
rubber are shown in Figure 2.14.
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CH
~CH=C — ÇH—-C H 2~

I
P

~CH2 — Ç~CH— CH2-
น

t
-CK2—  C=CH —  CH~' 

P

CH2
—CH2— c  — ÇH=CHr

IP

CHj

— C H j— c —  CH=CH—

F ig u r e  2 .1 4  T h e p o s s ib le  c r o ss lin k  stru ctu res p resen t in p e r o x id e  c r o ss lin k e d  natural 
rubber (P  =  P o ly m er  c h a in ) (A k ib a  et al., 1 9 9 7 ).

T h ere are so m e  im p o rtan t w a rn in g s  in  u s in g  p e r o x id e s . F irst, th ey  are 
d a n g e ro u s  c h e m ic a ls  and  n eed  to  b e  kept and b e  u sed  w ith  th e b est  sa fe ty  c o n d it io n s . 
P e r o x id e s  are e a sy  to  d egrad e in  a h ot air. It n e e d s  to b e  k ep t it in  c o ld  c o n d it io n  
b e lo w  37 °c. K eep  it a w a y  from  h eat gen era to rs, the u v  lig h t, spark , and  flam e. 
A ls o  k e e p  it far from  o x id a n ts  and red u cers. A v o id  an a ttack  and k eep  it in an 
o r ig in a lly  con ta in er  to  p reven t a co n ta m in a tio n . S e c o n d , it h as to be very  ca re fu l in  
s e le c t in g  c h e m ic a ls .

P e r o x id e s  are m ore  s e n s it iv e  than su lfu r. T h e y  co n tr ib u te  to react w ith  other  
c h e m ic a ls , occu rr in g  s id e  r e a c tio n s  and d o  n o t v u lc a n iz e  rubber. For e x a m p le s , 
a c id ic  carb on  b la ck s  w il l  d e c r e a se  a cu re rate, so m e  p la st ic iz e r s  b rin g  a p e r o x id e  
react to  h yd ro gen  su ch  a s  a ro m a tic  o i ls , s o m e  a n tio x id a n ts  and  a n tio z o n a n ts  react 
w ith  p e r o x id e  to o . T h ird , a  c lo s e  sy s te m  c o n d it io n  is  preferred  for cu r in g  or 
v u lc a n iz a tio n . B e c a u se  th e  o x y g e n  g a s  in  an o p e n  c o n d it io n  w ill  o x id iz e  w ith  
p e r o x id e  rad ica ls to  b e c o m e  h y d r o p e r o x id e s , p e r o x id e  d e c o m p o s it io n , and  red u ce  
c r o ss lin k in g  b eca u se  o f  rubber d eg ra d a tio n . A n d  for the last, s o m e  p e r o x id e s  g iv e  
bad sm e ll  du rin g a v u lc a n iz a tio n  p r o c e ss . It m a y  b e  to x ic  for h u m an .

R ub b ers v u lc a n iz e d  b y su lfu r  are w e l l  k n o w n  in  g o o d  m ec h a n ic a l and  
th erm al p rop erties than p e r o x id e s . B e c a u se , th e  u se  o f  su lfu r  p ro v id e s  cro ss lin k  
n etw o rk s  con ta in  h ig h  p ro p o rtio n s  o f  p o ly s u lf id ic  c r o ss lin k s , w h ile  p e r o x id e s  g iv e
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carb o n -ca rb o n  c r o ss lin k  typ e  w h ic h  su lfu r  cro ss lin k s  are stro n ger  than carb on  
c r o ss lin k s .

-ie-3

I -
I ».
"พิ 1e-6 
๐ 

Ô

1e 7 0 1 2 3 4 5 6 7

Peroxide content (p.p.h.โ.)

F ig u r e  2 .1 5  T h e  p lo t b e tw e e n  c ro ss lin k  d e n s ity  and p e r o x id e  c o n ten t in  N R  sh o w s  
m o d u lu s  v a lu e s , s tre ss-stra in  v a lu e s , and s w e l l in g  v a lu es  (H a g e n  et al., 1 9 9 6 ).

A s  s e e  in  th e  F ig u re  2 .1 5 ,  it is  in d ica ted  that p e r o x id e  sy s te m  ca n  in crea se  in  
m o d u lu s  b y  in c r e a s in g  the p e r o x id e  c o n ten t. A t  lo w  p e r o x id e  c o n te n ts , th e  cro ss lin k  
d e n s ity  g iv e s  th e  lo w e s t  v a lu e s  w h erea s  th e  cro ss lin k  d e n s ity  in crea ses  at th e  h ig h er  
p e r o x id e  c o n ten t to  a v a lu e  s lig h t ly  lo w e r  than  the m o d u lu s  v a lu e  (H a g e n  et al., 
1 9 9 6 ). In 1 9 9 7 , บ ท ท ik ir ish n an  et al. in d ic a te d , th e  N R  c r o ss lin k e d  b y  u s in g  d icu m y l 
p e r o x id e  sh o w e d  th e lo w e s t  eq u ilib r iu m  u p ta k e v a lu e  in all p en etran ts co m p a red  to  
th e  o th er sy s te m s . It is  b e c a u se  o f  th e  d if fe r e n c e  in  th e  c r o ss lin k  ty p e s  and the  
d iffe r e n c e  in c r o ss lin k  d e n s it ie s . T h e N R  w ith  p ero x id e  cu re  sy s te m  h a s the lo w e s t  
in tera ctio n  w ith  th e p en etran ts co m p a re  to o th er  sy stem .

N e v e r th e le s s  p e r o x id e  sy s te m  h as s o m e  m an y g o o d  a d v a n ta g es . P e r o x id e s  
ca n  c r o ss lin k  b o th  saturated  an d  u n satu rated  rubber su ch  as s i l ic o n e  rubber (Q ), 
e th y le n e -p r o p y le n e  rubber (E P M ). T h e  p e r o x id e  sy stem  d o e s  n o t n eed  a cce lera to rs  
and a ctiv a tors. A  v u lc a n iz e d  rubber h a s the h ig h e st  therm al re s is ta n c e , the  
lo w e s t  % c o m p r e ss io n  se t, and can  b en d  at lo w  tem p era tu re w ith o u t fracture.

■ < f
J _______ L

F

M

- O -  swelling 
modulus 
Mooney-Rivlin

น______ I---------- 1---------



15

P rod u cts from  th is  sy s te m  h a v e  w h ite  c o lo r , n ot o p a q u e , and  th e c o lo r  d o e s  n ot fa d e  
in  u v  lig h t, w h ic h  can  u se  in  h ig h  c o lo r  p rod u cts.

❖  Literature Review Regarding to Peroxide Vulcanization System
Y a m o u n  c. ( 2 0 1 0 )  stu d ied , the b len d in g  o f  f lu o r o e la s to m e r  (F K M ), natural 

rubber (N R ) and h ig h -d e n s ity  p o ly e th y le n e  (H D P E ) b y  d y n a m ic  v u lc a n iz a tio n  u s in g  
p e r o x id e  (D B P H , D C P ) a s  a cu rin g  a g e n t w ere  p repared . H D P E  w a s  m e lt -m ix e d  
w ith  N R  and  F K M  at d ifferen t c o m p o s it io n s  (H D P E /F K M /N R  i.e . 3 0 /6 0 /1 0 ,  
3 0 /5 5 /1 5 , 3 0 /5 0 /2 0  and 3 0 /3 5 /3 5  % w t) u s in g  an internal m ix e r  at 15 0  ๐c  and 5 0  rpm  
rotor sp e e d . T a b le  o f  b le n d s  fo rm a tio n s  is  sh o w n  in T a b le  2 .2 .

Table 2.2 B le n d s  fo rm a tio n s  (Y a m o u n  c., 2 0 1 0 )

HDPE/FKM/NR Code
blend (%wt) Without DCP DBPH

3 0 /6 0 /1 0 W H O D C  10 D B 1 0

3 0 /5 5 /1 5 W I15 D C  15 D B 1 5

3 0 /5 0 /2 0 W I2 0 D C 2 0 D B 2 0

3 0 /3 5 /3 5 W I35 D C 3 5 D B 3 5

T h e  m e c h a n ic a l p rop erties  and o il s w e l l in g  r e s is ta n c e s  o f  th e se  b len d s  w e r e  
a n a ly zed  a c c o r d in g  to ISO  3 7  (T y p e  1) and  A S T M  D 4 7 1 , r e sp e c tiv e ly . T h e  resu lts  o f  
m e c h a n ic a l p rop erties  and s w e l l in g  in d e x  o f  b len d  c o m p o s it io n  are sh o w n  in  T a b le
2 .3  and 2 .4 .
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Table 2.3 M e c h a n ic a l p rop erties  o f  th e  H D P E /F K M /N R  b le n d s  
(Y a m o u n  c., 2 0 1 0 )

Sample Tensile
strength (MPa)

Elongation at 
break (%)

Hardness 
(shore A )

W H O 5 .0 5 6 6 .0 8 9 1 .3 8

W I15 5 .8 3 103 .11 8 7 .9 8

W I2 0 5 .5 6 1 0 6 .6 4 8 7 .1 4

W I35 4 .31 1 4 7 .9 4 7 4 .8 2

D C 1 0 5 .0 2 14 .1 3 8 9 .2 4

D C  15 5 .6 6 3 4 .7 9 8 7 .5 4

D C 2 0 5 .4 2 4 7 .7 3 8 3 .7 2

D C 3 5 4 .2 9 7 5 .3 1 7 1 .1 4

D B 1 0 11.51 1 7 4 .3 5 8 9 .6 8

D B 1 5 10 .0 7 2 1 0 .1 6 8 9 .6 0

D B 2 0 1 0 .1 2 2 0 9 .4 1 8 7 .8 1

D B 3 5 8 .3 2 1 7 5 .4 8 8 0 .1 1
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Table 2.4 V a r ia tio n s  o f  s w e l l in g  in d e x  (Y a m o u n  c., 2 0 1 0 )

Sample

Swelling Index

Biodiesel (B5) Gasohol (E20) Gasohol 91 Gasohol 95

Room
Temp.

100°C Room
Temp.

100°c Room
Temp

100°c Room
Temp

100°c

W I1 0 1.23 1.45 1 .22 1.52 1 .26 1 .38 1.25 1 .39

W I1 5 1.32 1.56 1.3 1 .67 1 .34 1.53 1 .2 9 1.45

W I2 0 1 .46 1 .59 1 .38 1 .7 4 1.43 1.68 1.43 1.52

W I3 5 1.65 1.85 1 .52 1 .89 1 .57 1 .7 9 1 .58 1.68

D C  10 1 .09 1 .36 1.15 1 .5 0 1 .17 1.31 1 .1 9 1 .30

D C  15 1.25 1.48 1.21 1 .57 1.22 1 .44 1 .22 1 .32

D C 2 0 1 .38 1.50 1 .29 1 .62 1 .30 1 .59 1 .32 1.41

D C 3 5 1.63 1 .78 1 .42 1 .80 1 .50 1 .7 4 1 .50 1 .60

D B 1 1 .09 1 .30 1 .12 1.45 1 .12 1 .2 6 1.13 1 .24

D B 1 5 1 .16 1 .42 1.15 1.53 1 .17 1 .39 1 .17 1.25

D B 2 0 1 .19 1.43 1.23 1 .59 1 .22 1.53 1.21 1 .28

D B 3 5 1.51 1.73 1 .39 1.71 1 .46 1 .6 9 1.43 1.53
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T h e resu lts  su g g e st  that D B P H  w o rk s b etter  as a  cu r in g  ag en t for  th e  d y n a m ic  
v u lc a n iz a tio n  sy s te m  than D C P . T h e o p tim u m  m e c h a n ic a l p ro p erties  and  o il 
r e s is ta n c e  w er e  rev e a led  in  3 0 /5 0 /2 0  and 3 0 /6 0 /1 0  H D P E /F K M /N R , b e in g  d yn am ic  
v u lc a n iz e d  w ith  D B P H , r e sp e c tiv e ly . In a d d it io n , w a s  fou n d  that a d isp e r se d  H D P E  
p h a se  sh o w s  th e p ercen t cry sta llin ity  in th e  ran g e  o f  5 3 -5 5 %  u p o n  in c r e a s in g  the N R  
c o n ten t. T h e S E M  m icro gra p h s revea l the N R  p h ase  is  w e l l  d isp ersed  in  F K M  as 
sm a ll p artic le s  at lo w  N R  c o n te n t  and b e c o m e s  c o -c o n t in u o u s  p h a se  at h ig h  N R  
con ten t.

Jo y  K . M ish ra  et al. (2 0 1 1 )  fo u n d , p o ly c a p r o la c to n e  (P C L )/e p o x id iz e d  
natural rubber (E N R ) b len d s (P C L /E N R  =  7 0 /3 0 , 5 0 /5 0  w t /w t)  w ere  p rep ared  by a 
m e lt  m ix in g  in an  internal m ix e r  in  the p r e se n c e  o f  a sm a ll am o u n t (0 .5  an d  1 phr) o f  
d ic u m y l p e r o x id e  (D C P ). T h e  e ffe c t  o f  p e r o x id e  c r o s s lin k in g  o n  th erm al, 
m e c h a n ic a l, and r h e o lo g ic a l p rop erties o f  th e  b len d s  w a s  in v e stig a te d . It w a s  
r e v e a le d  that p e r o x id e  c r o ss lin k in g  en h a n ced  d e g r e e  o f  c r y sta llin ity  o f  P C L  p h ase  
and  its  n o n -iso th erm a l m e lt  cry sta lliz a tio n  tem peratu re. T h e  c r o ss lin k e d  b len d s  
b e h a v e  lik e  a th erm o p la stic  e la s to m e r  e x h ib it in g  h ig h  e lo n g a tio n -a t-b r e a k  an d  fa irly  
g o o d  e la s t ic  r e c o v e r y  as w e ll a s  m e lt  p r o c e ss ib ility . F rom  m e lt  r h e o lo g ic a l a n a ly s is , 
th e  p e r o x id e  c r o ss lin k e d  b le n d s  sh o w e d  m o re  p ro n o u n ced  sh ear  th in n in g  e f fe c t  and  
h ig h e r  e la s t ic ity  co m p a red  to s im p le  b len d s.

c. N a k a so n  et al. ( 2 0 0 6 )  stu d ied , e p o x id iz e d  natural rubber w ith  30%  
e p o x id iz e d  w a s  sy n th e s iz e d  and  u sed  to p repare th erm o p la st ic  v u lc a n iz a te s  b a sed  on  
7 5 /2 5  E N R /P P  b le n d s  w ith  P h -P P  co m p a tib iliz e r . In flu e n c e s  o f  v a r io u s  cu rin g  
s y s te m s  ( i .e .,  su lfu r , p e ro x id e  and  a m ix tu re  o f  su lfu r and p e r o x id e -c u r e d  sy s te m s)  
w e r e  in v e stig a te d . W e fou n d  that the m ix in g  torq u e, sh ear  s tress , sh ea r  v is c o s ity ,  
te n s i le  stren g th  and  e lo n g a tio n  at break o f  th e  T P  V s  u s in g  th e  m ix e d -c u r e  sy stem  
e x h ib ite d  h ig h er  v a lu e s  than  th o se  o f  th e  su lfu r  and p e r o x id e -c u r e d  sy s te m s , 
r e sp e c tiv e ly . T h is  m a y  be attr ib uted  to a fo rm a tio n  o f  ร - ร ,  C - S  c o m b in a tio n  w ith  C -  
c  l in k a g e s  in  th e  E N R  p h a se . T h e cu rin g  sy s te m s  d id  n o t a ffe c t  th e  h ard n ess  
p ro p er tie s  and s o lv e n t  r e s is ta n ce  o f  the T P  V s . W e a lso  fo u n d  that th e  d isp ersed  
v u lc a n iz e d  rubber d o m a in s  o f  T P V  w ith  th e  p e r o x id e -c u r e d  sy s te m  w e r e  sm a ller  
rubber p artic le s  than  th o se  o f  th e  m ix e d  and  su lfu r-cu re  sy s te m s . T h e  S E M  
m icro g ra p h s are s h o w n  in F ig u re  2 .1 6 .
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(a) S u lfu r  sy s te m

(b ) P e r o x id e  sy s te m

(c )  M ix e d  sy s te m

F ig u r e  2 .1 6  S E M  m icro g ra p h s o f  T P V s b a sed  o n  7 5 /2 5  E N R /P P  b le n d s  u s in g  P h -P P  
c o m p a tib iliz e r  and v a r io u s v u lc a n iz a tio n  sy s te m s  (C . N a k a so n  et a l., 2 0 0 6 ) .
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2.3 Poly(vinylidenefluoride) (PVDF)

P o ly - l , l - d if lu o r o e th e n e  or p o ly (v in y lid e n e  flu o r id e ) (P V D F )  is a th erm o  
p la st ic  m a ter ia ls  in th e  f lu o r o p o ly m e r  fa m ily  that w a s  sh o w e d  c h e m ic a l structure in  
F ig u re  2 .1 7 . It can  b e sy n th e s iz e d  fro m  th e  g a se o u s  v in y lid e n e  ( V D F )  m o n o m e r  b y  a 
free  rad ica l p o ly m e r iz a tio n  u s in g  2 p r o c e s s e s , e m u ls io n  p o ly m e r iz a tio n  p r o c e ss  and  
su sp e n s io n  p o ly m e r iz a tio n  p r o cess . S u sp e n s io n  p o ly m e r s  are a v a ila b le  as free -  
f lo w in g  p o w d e r  or in p e lle t  form  for e x tr u s io n  or  in je c tio n  m o ld in g  (D ro b n y  et al., 
1 9 9 9 ).

Figure 2.17 C h em ica l structure o f  P V D F .

❖  Properties of PVDF
T h e  P V D F  is  a h ig h  p u rity  p o ly m e r  w ith  sp e c ia l p ro p erties . It ap p ears  

w h itish  or tran slu cen t s o l id  w h ic h  is  b o th  stro n g  and  tou gh . B u t in  a  form  o f  th in  
se c t io n  su ch  as f ilm s , f ila m e n t, and tu b e , it b e c o m e s  transparent an d  f le x ib le . It h as a  
lo w  d e n s ity  o f  1 .78  and n o n -so lu b le  in  w ater. It h a s h ig h  th erm al s ta b ility  and  h ig h  
tem p era tu re c a p a b ilit ie s . It h as a lo w  m e lt in g  p o in t is  around 1 7 7  ๐c  w h ic h  is  e a sy  
for m e lt  p r o c e s se s  and  a ls o  is  ab le  to  w e ld . It h as a  c o n tin u o u s  u se  tem p era tu re up  to  
15 0  °c and  h as an e x c e lle n t  a g in g  r e s is ta n ce .

❖  Literature Review Regarding to PVDF
T h e  b len d in g  a b ility  o f  P V D F  w ith  an oth er  p o ly m e r  h as se v e r a l carried  out. 

H sin -C h ie h  C h en  et al. ( 2 0 1 1 )  fo u n d , P V D F  can  b e  m is c ib le  w ith  P L A  w h ic h  c a lle d  
a s b io c o m p a tib ility  b y sp u n  in to  n o n w o v e n  m ats v ia  e le c tr o sp in n in g  te c h n iq u e  u s in g  
a c o -s o lv e n t  sy s te m  o f  D M F  and a c e to n e . T h is  w o rk  p r o v id e s  a  n e w  m e th o d  o f  
b le n d in g  P V D F  w ith  o th er  m ater ia ls  to  im p r o v e  th e  b rittle  p rop erty . F rom  th e  resu lts , 
th e  P V D F /P L A  m ats e x h ib ite d  h ig h er  m e lt in g  tem p era tu re but lo w e r  c r y sta llin ity
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than b o th  P V D F  and  P L A . T h e te n s i le  stren g th  o f  P V D F /P L A  w a s  lo w er  than  th o se  
o f  P V D F  and P L A . H o w e v e r , P V D F /P L A  e x h ib ite d  h ig h er  b rea k in g  e lo n g a tio n  than  
P L A . T h e  c o n c lu s io n  w a s  in c lu d ed  th e  p o ten tia l o f  P V D F /P L A  e le c tr o sp u n  m a ts  for  
b io m e d ic a l a p p lica tio n s .

C h en  M H  et al. (2 0 0 5 )  fo u n d , a tu b u lar P V D F  sc a f fo ld  w ith  d e n se  ou ter  
su rfa ce  to  p reven t sa l iv a  lea k a g e  an d  w ith  p o ro u s  inner su r fa ce  for the c e ll  g ro w th  
w a s p ro p o sed  to se r v e  as an a r tif ic ia l sa liv a ry  g la n d  for future u s e  in  the treatm en t o f  
p atien ts w ith  sa liv a ry  h y p o fu n c tio n . In a d d itio n , p oro u s P V D F  had h ig h er  c e ll  
g ro w th  com p a red  w ith  d en se  P V D F . T h ere fo re , the h y d ro p h o b ic  P V D F  w ith  a 
p o ro u s structure w a s  th e  b est su b strate  for c u ltu r in g  acin ar c e l l s .

C h en  R S  et al. (2 0 0 7 )  e x p lo r e d , the e f fe c t  o f  b io m a ter ia l o n  to o th  germ  c e ll  
a d h es io n  and p ro lifera tion . T h e p u rp o se  o f  th is  stu d y  is  to  e v a lu a te  th e  e f fe c ts  o f  c e ll-  
su rfa ce  in teraction s o f  tooth  g erm  c e lls  on  b io m a ter ia ls  w ith  v a r io u s su rfa ce  
h y d ro p h ilic it ie s . T h e  b io m a ter ia ls  u se d  in  th is  stu d y  in c lu d ed  p o ly v in y lid e n e  flu o r id e  
(P V D F ). T h e resu lts  in d ica ted  that a d h e s io n  an d  p r o lifer a tio n  o f  to o th  germ  c e l l s  to 
b io m a ter ia ls  w ith  m od era te  h y d r o p h ilic ity /h y d r o p h o b ic ity  w a s  su p er io r  co m p a red  to 
m o st h yd ro p h o b ic  m ateria l P V D F  or m o st  h y d ro p h ilic  m ater ia l P V A  in th is  stu d y

F or o th er p rop erties  o f  P V D F , it is  a  h ig h ly  n o n -r e a c t iv e  f lu o ro p o ly m e r . It 
h as an e x c e lle n t  c h e m ic a l r e s is ta n c e , a n ti-w ea r , and extrao rd in ary  e lec tr ic a l  
p rop erties  su ch  as ferro-, p ie z o - , an d  p y ro -e le c tr ic ity . It c a n  resistan t to  so lv e n ts ,  
a c id s , b a se s , and h eat. It sta b les  to  su n lig h t and  o th er  so u r c e s  o f  u ltra v io le t rad iation  
It is  a lso  resistan t to  w ea th er in g  an d  fu n g i. It h a s e x c e lle n t  m e c h a n ic a l p rop erties  
su ch  as h ig h  te n s i le  p rop erties, im p a ct s tren g th s, and a b ra sio n  res is ta n ce . It is  an 
e x c e lle n t  p o ly m er  in  res is ta n ce  to  creep  and fa tig u e . W h en  P V D F  is  under lo a d , it is  
rig id  and resistan t to  creep  u n der m e c h a n ic a l s tre ss  and lo a d . P V D F  ap p ears h igh  
d ie le c tr ic  strength , g en era te  lo w  sm o k e  w h e n  fire  b u rn in g . It is  e a sy  fo r  m an y  
p r o c e s se s  su ch  a s  ex tru sio n , in je c tio n , c o m p r e ss io n , b lo w  m o ld in g  so lu tio n  
p r o c e sse s . It is a p h y s io lo g ic a lly  h a rm less  p o ly m e r  and a p p ro v ed  for c o n ta c t w ith  
fo o d  p rod u cts.

❖  G e n e r a l  A p p lic a t io n s
P V D F  h a s lo w  c o s t  co m p a re  to  o th er  f lu o r o p o ly m e r s  and  gen era l 

a p p lic a tio n s  are in v o lv e  its  p ro p erties . It is  u se d  in  h ig h  p u rity  a p p lica tio n  lik e
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m em b ra n es  su c h  a s  h ig h  p u rity  w a ter  f iltra tio n , w a s te  w a ter  treatm en t, and  ga s  
sep ara tion .

It is  c o m m o n ly  can  u se  in  c h e m ic a l p r o c e ss  in d u stry  su ch  a s  p ip e s  and  
f itt in g s , p u m p , v a lv e s . It is  u sed  in  h ig h  purity  flu id  tran sp orta tion  and  P lu m b in g . 
D u e  to  the e x c e l le n c e  in  m e c h a n ic a l p ro p erties , it can  u se  in  o f f  sh o re  o il industry  
lik e  m u ltila y er  stru ctu res for o i l  and gas. It can  b e u se  in  o th er  a p p lic a tio n  in v o lv e  
h ig h  tem peratu re a p p lic a tio n s  and  h ig h  p ressu re  a p p lic a tio n s .

It is  v ery  g o o d  for fu e l lin e s  b e c a u se  P V D F  can  resistan t to  g a s o lin e , road  
sa lt, o i ls , lu b rica n ts , brake flu id , tr a n sm iss io n  f lu id , w in d sh ie ld  w a sh e r  flu id , 
c o o la n ts , and b attery  acid . T h e  tu b in g  is  a m u ltila y er  c o n str u c tio n  c o n s is t in g  o f  f iv e  
layers. It p r o v id e s  a barrier la yer  in lo w -p e r m e a tio n  a u to m o tiv e  fu e l lin e s .

In a d d itio n  to b e in g  e a s i ly  p r o c e s se d  o n  c o n v e n tio n a l c o -e x tr u s io n  
e q u ip m en t, th is  in n o v a tiv e  fu e l lin e  co n str u c tio n  e x h ib its  e x c e lle n t  c o ld  tem peratu re  
im p a ct strength  ( -4 0 ° C ) , c h e m ic a l r e s is ta n c e  and d im e n s io n a l sta b ility . It is  a lso  
c o m p a tib le  w ith  a w id e  ran ge o f  fu e l-a lc o h o l b len d s  and  a v a ila b le  in a c o n d u c tiv e  
v er s io n .

It can  a ls o  be u sed  as a  p ro te c tiv e  c o a tin g  o v e r  carb o n  s tee l fu e l and  brake  
f lu id  lin e s , and in  u n d e r -c h a ss is  a p p lic a tio n s . It can  b e a p p lie d  in very  th in  la yers and  
m a in ta in s  d u rab ility  and c o r r o s io n  r e s is ta n c e . It can  a ls o  b e  ap p lied  as a liq u id  
c o a tin g , as a p o w d e r  co a tin g , or b y  c r o ss -h e a d  ex tru sio n .

2 .4  E p o x id iz e d  N a tu r a l  R u b b e r  (E N R )

E p o x id iz e d  N atural R u b b er  (E N R ) is  d er iv ed  from  th e  partial e p o x id a t io n  o f  
th e  natural rubber m o le c u le  w h ic h  e p o x id e  g ro u p s are ra n d o m ly  d istr ib u ted  a lo n g  the  
natural rubber m o le c u le . W h e n  natural rubber is  e p o x id iz e d  u n der ca re fu lly  
c o n tr o lle d  c o n d it io n s , it can  b e  co n v e r te d  to a to ta lly  n e w  p o ly m e r  or n e w  typ e  o f  
e la s to m e r  w ith  s o m e  p rop erties m o re  ak in  to sp e c ia lity  rub bers and s o m e  p rop erties  
that appear to b e  a d v a n ta g e o u s  for tire tread s. T h e  c h e m ic a l structure o f  E N R  is  
s h o w n  in F igu re 2 .1 8 .
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F ig u r e  2 .1 8  C h e m ic a l stru ctu re o f  E N R .

D u e  to  m o st  a p p lic a tio n s  o f  N a tu ra l R u b b er (N R ) are lim ite d  o w in g  to the  
lo w  s ta b ility  to  h eat, o x y g e n , su n lig h t, e tc . and  th e  h ig h  so lu b ility  in  m o st  
h y d ro ca rb o n /h y d ro p h o b ic  s o lv e n ts  in c lu d in g  o i ls . T h o se  lim ita tio n s  resu lt from  N R  
c h e m ic a l stru ctu re ( c is - l ,4 - p o ly is o p r e n e )  w h ic h  co n ta in s  d o u b le  b on d s and  
h yd rocarb on  a to m s that is  sh o w n  in F ig u re  2 .1 9 .

T h e c h e m ic a l m o d if ic a t io n  at d o u b le  b on d s and  in trod u ction  o f  h y d ro p h ilic  
grou p s a lo n g  N R  b a ck b o n e  are a ltern a tiv e  stra teg ies  to  im p ro v e  th e s ta b ility  o f  N R  
and  to p r o v id e  w id esp rea d  a p p lic a tio n s . S o  E N R  is  an id ea l m ater ia l s in c e  th e  
in trod u ction  o f  e p o x ira n e  r in g  n o t o n ly  red u ces  the n u m b er o f  d o u b le  b o n d s  but a lso  
in crea ses  th e  h y d r o p h ilic ity  o f  N R . T h e  p rep aration  o f  E N R  is  u sed  p e ra c id s  su ch  as  
p erfo rm ic  an d  p era cetic  a c id s .

c h 3

— [— CH — c — C'H— CHt"-j—

Natural rubber. NR

H — c — o — OH 

Perfomuc epoxidation

d a
CH , ÇH, 1

โ ! e  1 โ _  b  1 ->  —h  C H — C — C I I —CH H----h C H —  C = C H — C H H —
V

Epoxidized natural lubber. ENR

F ig u r e  2 .1 9  P erfo rm ic  e p o x id a t io n  o f  N R  (Y o k sa n  R ., 2 0 0 8 ) .

T h ree  le v e ls  o f  e p o x id a t io n  h a v e  b e e n  e x te n s iv e ly  e v a lu a ted . T h e y  w er e  5 0 , 
2 5  and 10 m o le%  e p o x id iz e d  N R  referred  to  as E N R -5 0 , E N R -2 5  and  E N R - 10  
r e sp e c tiv e ly . E N R -5 0  h as b e e n  fo u n d  to  u n d ergo  stra in  c r y sta lliz a tio n  lik e  N R , but 
w ith  o il r e s is ta n c e  s im ila r  to a m e d iu m  a cry lo n itr ile  N B R  and g a s  p erm ea b ility  
sim ila r  to  b u ty l rubber. It is  a h ig h ly  d a m p in g  rubber w ith  v e r y  lo w  ro o m -  
tem peratu re r e s il ie n c e .
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E N R -5 0  and E N R -2 5  b oth  e x h ib it  g o o d  w e t  grip  c h a r a c ter is tic s  an d  h a v e  
b een  e x a m in e d  as tire tread  m a ter ia ls . In particu lar, E N R -2 5  c o m p o u n d s  c o n ta in in g  
s il ic a  or s il ic a /b la c k  h a v e  b een  fo u n d  to g iv e  lo w e r  ro llin g  r e s is ta n ce  than N R . E N R -  
25  and E N R -5 0  e x h ib it  th is  u n iq u e feature w ith  s i l ic a  o f  r e in fo rcem en t e q u iv a le n t  to  
b lack  w ith o u t  the u se  o f  a c o u p lin g  reagen t.

❖  Properties and Applications of ENR
T h u s, th ese  rubbers h av e  p o ten tia l o f  p r o v id in g  w h ite  or c o lo r e d  v u lc a n iz a te s  

w ith  p rop erties  p r e v io u s ly  a sso c ia te d  o n ly  w ith  b la c k -f ille d  c o m p o u n d s , so  e x te n d in g  
a p p lica tio n a l areas, or e v e n  resu ltin g  in  co lo red  tires or other a u to m o tiv e  parts. E N R -  
10 p r o v id e s  a d a m p in g  grad e o f  N R  w h e n  lo w e r  r e s il ie n c e  are req u ired . 
A lte r n a tiv e ly , b len d s o f  E N R -2 5  or -5 0  w ith  N R  m a y  be u sed . M a n y  e n g in e e r in g  
a p p lic a tio n s  are c a llin g  for  red u ced  r e s il ie n c e .

E p o x id a tio n  resu lts  in  a sy s te m a tic  in crea se  in th e  p o la r ity  and  g la ss  
tran sition  tem peratu re. T h e se  in cr e a s in g  are re f le c te d  in the v u lc a n iz a te  p rop erties . 
P rop erty  c h a n g e s  w ith  in c r e a s in g  le v e l  o f  e p o x id a t io n  w h ic h  in c lu d e  an in crea sed  in 
d a m p in g , a red u ction  in s w e l l in g  in h yd rocarb on  o ils , a d ecrea sed  in  ga s  
p erm ea b ility , an in crea sed  in s i l ic a  re in fo rcem en t, im p ro v ed  c o m p a tib ility  w ith  p o lar  
p o ly m ers  lik e  p o ly v in y l c h lo r id e , red u ced  ro llin g  re s is ta n c e  and  in crea sed  w e t  grip .

❖  Literature Review Regarding to ENR
D u e  to the m ateria l w h ic h  ca n  resist d eter iora tin g  from  g a so h o l is  lim ite d  and  

N R  and  P H B V  d o n o t d is s o lv e  in e th a n o l. P h o th ip h o n  K. ( 2 0 1 0 )  in v e s t ig a te d , the  
b le n d in g  b e tw e e n  N R  and  P H B V  w h ic h  can  b e  d e v e lo p e d  to b e  a  th erm o p la stic  
v u lc a n iz a te  (T P V ) in corp orated  w ith  P V D F , th e  h ig h  c h e m ic a l re s is ta n c e . T h e  T P V  
is  d er iv ed  from  d y n a m ic  v u lc a n iz a tio n  p r o c e ss  w h ic h  o ccu r  a  m e lt  m ix in g  o f  
p o ly m e r s  and c r o s s lin k in g  rea c tio n  at the sa m e  tim e . T h e r esu lts  fou n d  that the  
in cr e a s in g  am ou n t o f  D B P H  p r o v id e s  the h ig h  m e c h a n ic a l p rop erties  and red u ce  the  
d egree  o f  s w e llin g  in  g a so h o l. T h e  ad d itio n  o f  E S O  can  im p r o v e  the m ech a n ica l 
p rop erties  and the s w e l l in g  r e s is ta n c e s  from  g a so h o l w ith  p er c e n ta g e s  lo w e r  5 0  and  
150%  at th e  tem peratu re o f  2 5  and  100°c, r e sp e c tiv e ly . T h e m o r p h o lo g y  o f  T P V  w a s  
a lso  im p ro v ed . T h e rubber p h ase  fo rm ed  into p a r tic le s  w ith  s iz e d  o f  1 m icro n  and  
had w e l l  d isp ersed  in  th erm o p la st ic  p h ase .
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J ia m jits ir ip o n g  K. and P attam ap rom  c . (2011) stu d ie d , the m e ch a n ica l  
p rop erties  and g a s  p erm ea b ility  o f  natural ru b b er/b rom ob u ty l rubber b le n d s  w ere  
in v e stig a te d  w h e n  u s in g  e p o x id iz e d  natural rubber (E N R ) as a c o m p a tib iliz e r . T h ey  
fou n d  that, E N R  c o u ld  p ro m o te  faster  cu re and c o u ld  im p r o v e  the m ech a n ica l 
p ro p erties , c o m p r e ss io n  se t, and  ab rasion  res is ta n ce  o f  th e  c o m p o s ite s  w ith  
s ig n if ic a n t  im p ro v em en t in  its g a s  barrier property.

K au sh ik  P al et al. (2 0 0 9 )  in v e stig a te d , e p o x id iz e d  natural ru b b er(E N R )  
and o r g a n o c la y  n a n o c o m p o s ite s  (C lo is ite  2 0 A )  w e r e  prepared b y so lu t io n  m ix in g  in 
th is  stu d y . T h e o b ta in ed  n a n o c o m p o s ite s  w ere  in corporated  in  natural rubber (N R )  
and h ig h  styren e  rubber (H S R ) b le n d s  in p r e se n c e  o f  IS A F  and S R F  ty p e s  o f  carb on  
b la ck  as re in fo rc in g  fillers . M o r p h o lo g y , c u r in g  ch a ra cter istics , m e c h a n ic a l and  
therm al p rop erties and w ea r  ch a ra cter istics  o f  the n a n o c o m p o s ite s  w er e  a n a ly zed . 
T h e m o r p h o lo g y  o f  th e  E N R /n a n o c la y  sh o w e d  a  h ig h ly  in terca la ted  structure. T he  
n a n o c o m p o s ite s  c o n ta in in g  S R F  ty p e  o f  carb on  b lack  has sh o w e d  in crea se  in  c r o s s ­
link  d e n s ity , m a x im u m  torq u e and  cure rate in d e x  com p a red  to  IS A F  ty p e  o f  carb on  
b la ck . T h e  o v era ll m ec h a n ic a l p rop erties  and  therm al s ta b ility  w a s  h ig h er  for the  
n a n o c o m p o s ite s  c o n ta in in g  S R F  ty p e  o f  carb on  b la ck s. T h e c o m p o u n d s  c o n ta in in g  
E N R -n a n o c la y  c o m p o s ite s  (E C ) in  N R -H S R  h av e  h ig h er  barrier p rop erties  
co m p a red  to w ith o u t E C . E C  w ith  S R F  carb o n  b lack  h as sh o w e d  m in im u m  
c o m p r e ss io n  se t v a lu e  d u e  to th e  in crea sed  fo rm a tio n  o f  e f fe c t iv e  n etw o rk  ch a in s  du e  
to h ig h e r  re in fo rc in g  e f f ic ie n c y  o f  the n a n o c la y  in  the rubber m atrix . E C  w ith  S R F  
typ e  o f  carb on  b la ck  sh o w e d  h ig h  ab ra sion  re s is ta n c e  property.

H an a  Ism ail et al. ( 2 0 0 1 )  stu d ied , th e  e f fe c t  o f  a c o m p a tib iliz e r , sty ren e-  
(e p o x id iz e d  b u ta d ien e )-sty ren e  tr ib lo ck  c o p o ly m e r  (E S B S ) o n  cu rin g  ch a ra cter istics , 
m ec h a n ic a l p rop erties and o il  r e s is ta n c e  o f  sty ren e  b u ta d ien e  rubber (S B R )  and  
e p o x id iz e d  natural rubber (E N R ) b len d s. T h e  resu lts  in d ica te  that the in crea sin g  
c o m p o s it io n s  o f  E N R  and th e  p r e se n c e  o f  E S B S  im p ro v e  p r o c e ssa b ility , te n s ile  
stren g th , tear stren g th  and te n s i le  m o d u lu s  o f  S B R /E N R  b len d s . T h e  sc o r c h  tim e , t2 
and cu re  tim e , t9 0  d e c r e a se  w ith  in c r e a s in g  c o m p o s it io n s  o f  E N R  in the b len d . T h e  
p r e se n c e  o f  E S B S  e x h ib its  a b e n e fic ia l e f fe c t  b y  in crea sin g  th e  sco rch  t im e  and  
d e c r e a s in g  the cu re t im e  o f  th e  S B R /E N R  b len d s . T h e p r e se n c e  o f  E S B S  a lso
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r esu lted  in  S B R /E N R  b le n d s  h a v in g  an o i l  resista n ce  b etter  than  th e  s im ila r  b len d s  
w ith o u t  E S B S .

H . Ism ail et al. (2000) stu d ied , th e  d y n a m ic  p ro p erties , cu r in g  ch a ra c ter is tic s  
and  s w e l l in g  b eh a v io u r  o f  sty ren e  b u ta d ien e  rubber (S B R )  and e p o x id iz e d  natural 
ru b ber (E N R ) b len d s. T h e  in co rp o ra tio n  o f  E N R 5 0  in  the b le n d s  im p ro v ed  
p r o c e ssa b ility , s t if fn e s s , r e s il ie n c e  and red u ced  the d a m p in g  p rop erty . In term s o f  
c u r in g  ch a ra c ter is tic s , th e  sc o rch  tim e , / 2  and  cu rin g  tim e , / 9 0  o f  the S B R /E N R  b len d s  
d e c r e a se  w ith  in c r e a s in g  E N R  co n ten t. A t ro o m  tem perature (2 3 ° C )  and at 100°c th e  
s w e l l in g  d eg ree  o f  th e  S B R /E N R  b len d s d e c r e a se s  w ith  in c r e a s in g  E N R  co n ten t.

5. Acrylonitrile Butadiene Rubber (NBR)

A c r y lo n itr ile  B u ta d ie n e  R u b b er (N B R )  is  c o m m o n ly  c o n s id e r e d  th e  m ater ia ls  
o f  th e  in d u str ia l and a u to m o tiv e  rubber p rod u cts in d u str ies . N B R  is  a c tu a lly  a 
c o m p le x  fa m ily  o f  u n saturated  c o p o ly m e r s  o f  a cry lo n itr ile  and  b u ta d ien e . C h em ica l  
structure and rep ea tin g  u n it o f  N B R  are sh o w n  in F igure 2 .2 0  and 2 .2 1 , r e sp e c tiv e ly .
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Figure 2 .2 0  C h e m ic a l stru ctu re o f  N B R .
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N itrile - NBK

B u t a d ie n e  A c r y lo n i t r i l e

F ig u r e  2 .2 1  R e p ea tin g  u n it o f  N B R .

T h e  a cry lo n itr ile  c o n ten t o f  n itr ile  se a lin g  c o m p o u n d s  v a r ie s  c o n s id e r a b ly  
(1 8 %  to 50 % ) and in f lu e n c e s  the p h y s ic a l p rop erties o f  th e  f in ish e d  m ateria l. T h e  
h ig h er  the a cry lo n itr ile  c o n ten t, the b etter the res is ta n ce  to  o il and  fu e l. A t th e  sa m e  
t im e , e la s t ic ity  and re s is ta n c e  to c o m p r e ss io n  se t is  a d v e r se ly  a ffe c te d . N B R  h as  
g o o d  m ec h a n ic a l p rop erties  w h en  co m p a red  w ith  o th er  e la s to m e r s  an d  h ig h  w ea r  
resista n ce . N B R  is  n ot resistan t to w e a th e r in g  and o z o n e

B y  s e le c t in g  an e la s to m e r  w ith  the ap p ropriate a cry lo n itr ile  c o n te n t in 
b a lan ce  w ith  o th er  p rop erties , the rubber c o m p o u n d er  can  u se  N B R  in  a w id e  va r ie ty  
o f  a p p lica tio n  areas req u ir in g  o il, fu e l, and  c h e m ic a l r e s is ta n ce .

♦ > A p p l ic a t io n s  a n d  P r o c e s s in g  o f  N B R
In th e  a u to m o tiv e  area, N B R  is  u sed  in fu e l and  o il h a n d lin g  h o se , s e a ls  and  

g ro m m ets , and  w ater  h a n d lin g  a p p lic a tio n s . W ith  a tem p era tu re ran g e  o f  - 4 0 C  to  
+  125C , N B R  m a ter ia ls  can  w ith sta n d  all but th e  m o st  s e v e r e  a u to m o tiv e  
a p p lic a tio n s . O n  the in d u stria l s id e  N B R  fin d s  u se s  in  ro ll c o v e r s , h yd ra u lic  h o s e s ,  
c o n v e y o r  b e lt in g , grap h ic  arts, o il f ie ld  p ack ers, and se a ls  for all k in d s  o f  p lu m b in g  
and  a p p lia n ce  a p p lic a tio n s .

L ik e  m o st  u n satu rated  th erm o se t e la s to m e r s , N B R  req u ires fo rm u la tin g  w ith  
ad d ed  in g red ien ts , and  further p r o c e s s in g  to m a k e  u se fu l a r t ic le s . A d d it io n a l  
in g red ien ts  ty p ic a lly  in c lu d e  r e in fo rcem en t fillers , p la s t ic iz e r s , p ro tec ta n ts , and  
v u lc a n iz a tio n  p a c k a g e s . P r o c e s s in g  in c lu d e s  m ix in g , p re -fo rm in g  to  req u ired  sh a p e ,
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a p p lic a tio n  o f  su b strates, ex tr u s io n , an d  v u lc a n iz a tio n  to  m a k e  th e  f in ish e d  rubber  
article .

M ix in g  and p r o c e ss in g  are ty p ic a lly  p erfo rm ed  o n  o p e n  m ills , in tern al 
m ix e r s , ex tru d ers , and  ca len d er s. F in ish e d  p rod u cts are fou n d  in  th e  m a rk etp la ce  as  
in je c tio n  or  tran sfer m o ld e d  p rod u cts  ( s e a ls  and g r o m m e ts ) , ex tru d ed  h o s e  or tu b in g , 
ca len d er ed  sh e e t  g o o d s  ( f lo o r  m ats  and  in d u str ia l b e lt in g ) , or v a r io u s  sp o n g e  a r tic le s .

❖  Literature Review Regarding to NBR
S u p ri et al. (2 0 0 6 )  in v e s tig a te d  th e e f fe c ts  o f  d y n a m ic  v u lc a n iz a tio n  and  

g ly c id y l m eth a cry la te  (G M A ) o n  m e c h a n ic a l and th erm a l p ro p erties , s w e l l in g  in d e x  
and  m o r p h o lo g y  p rop erties o f  th e  th erm o p la st ic  e la s to m e r s  (T P E s)  b le n d s  b e tw e e n  
recy c led  p o ly (v in y l ch lo r id e )  (P V C r) and  acry lo n itr ile  b u ta d ien e  rubber (N B R ). It 
w a s fou n d  that d y n a m ic  c r o s s - lin k in g  h a s en h a n ced  th e  p ea k  str e ss , stre ss  at 100%  
e lo n g a tio n , th erm al s ta b ility  and  s w e l l in g  r e s is ta n ce  o f  d y n a m ic a lly  v u lc a n iz e d  
P V C r /N B R + G M A  b le n d s  co m p a red  to  P V C r /N B R  b le n d s . P ea k  str e ss , e lo n g a t io n  at 
break  and  s tre ss  at 100%  e lo n g a tio n  resu lt  are sh o w n  in  F ig u re  2 .2 2 , 2 .2 3  and  2 .2 4  
r e sp e c tiv e ly . T a b le  o f  s w e l l in g  in d e x  d ata  is  sh o w n  in  T a b le  2 .5 . D u e  to  th e  
in tro d u ctio n  o f  c r o ss - lin k s  in to  e la s to m e r  p h a se  an d  b etter c o m p a tib ility  b e tw e e n  
P V C r and N B R  are r e sp o n s ib le  for  th e  e n h a n cem en t o f  m e c h a n ic a l p rop erties .

5

80/20 60/40 50/50 40/60 20/80
Blend composition (พt%)

□ PVCr/NBR a  vulcanized PVCr/NBR + GMA

Figure 2.22 P eak  s tre ss  v s . b len d  c o m p o s it io n  o f  P V C r /N B R  b le n d s  and  
d y n a m ic a lly  v u lc a n iz e d  P V C r /N B R + G M A  b len d s  (S u p ri et a l ,  2 0 0 6 ).



29

800

80/20 60/40 50/50 40/60 20/80
Blend composition (พt%)

□ PVCr/NBR B vulcanized PVCr/NBR + GMA.

F ig u r e  2 .2 3  E lo n g a tio n  at break v s . b len d  c o m p o s it io n  o f  P V C r /N B R  b le n d s  and  
d y n a m ic a lly  v u lc a n iz e d  P V C r /N B R + G M A  b len d s  (S u p ri et a l ,  2 0 0 6 ) .

Blend com position (พt%)
□ PVCr/NBR B vulcanized PVCr/NBR + GMA

F ig u r e  2 .2 4  S tress  at 100%  e lo n g a t io n  v s . b len d  c o m p o s it io n  o f  P V C r /N B R  b len d s  
and d y n a m ic a lly  v u lc a n iz e d  P V C r /N B R + G M A  b le n d s  (S u p ri et a l ,  2 0 0 6 ) .
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Table 2 .5  D ata  o f  sw e llin g  in d e x  o f  P V C r /N B R  b len d s  and  d y n a m ic a lly  v u lc a n iz e d  
P V C r /N B R + G M A  b len d s in  to lu e n e  for 4 6  h (S u p ri et a l ,  2 0 0 6 )

Experimental B lend com p osition
(wt% )

Sw elling index

PVCr/NBR 80/20 1.70 ± 0 .0 5
50 /50 2 8 6 + 0 .0 8
2 0 /8 0 5 12 +  0 .14

D ynam ically  vulca- 80/20 1 .5 8 + 0 .0 1
Itized PVCr/NBR-t- 50 /50 2 .2 0  +  0 .09
G M A 20/80 3 3 0 + 0 .0 9

M .c .  S en a k e  Perera et al. (2 0 0 1 )  s tu d ie d , the stru ctu re and d y n a m ic s  o f  the  
b in ary  b len d s  P V C /N B R  and P V C /E N R , and  th e P V C /E N R /N B R  ternary b len d  w ere  
in v e s t ig a te d  b y  d yn am ic  m e c h a n ic a l a n a ly s is  and so lid  sta te  N M R . S a m p le s  w ere  
p repared  b y m ech a n ica l b le n d in g  at 150°c. T h e e f fe c t  o f  the c h a n g e  in the  
c o m p o s it io n  o f  th e  p o ly m er  b le n d s , o n  the tan 5 p eak  w id th , the tan  ômax and  area  
u n der the tan 8 cu rve w ere  u sed  to u n derstan d  the m is c ib ility  an d  d a m p in g  
p rop erties . R e su lts  co n firm ed  h e te r o g e n e ity  in  th ese  b le n d s  and p h a se  sep ara tion  
w h ic h  in d ica ted  im m isc ib ility  in  the ran ge o f  1-6  m il in a ll th e  three b le n d s . T h e  
resu lt from  D M A  in d ica ted  s o m e  d eg ree  o f  h e te r o g e n e ity  and r e d u c e s  m o lecu la r  
m o b ility  in  all th e  three b le n d s  stu d ied . P V C /E N R  b len d  w a s  fou n d  to h a v e  h ig h er  
m o le c u la r  m o b ility  than the P V C /N B R  and  P V C /N B R /E N R  b le n d s . P V C /E N R  b len d  
a lso  s h o w s  le s s  h e tero g en e ity  than  th e P V C /N B R  b len d s . L ea st d e str u c tio n  o f  the  
g la s s y  structure w a s  o b serv ed  in th e  P V C /N B R  b len d .

A h m a d  M o u sa  et al. (2 0 0 5 )  s tu d ied , d y n a m ic a lly  cu red  p o ly (v in y i  
c h lo r id e )/n itr ile  b u tad ien e rubber (P V C /N B R ), th erm o p la stic  e la s to m e r s  (T P E s)  w er e  
m e lt  m ix e d  at 150°c at 5 0  r e v .m in " 1 w ith  a B ra b en d er P la stico rd er . C u ra tives  
co n ce n tr a tio n  w a s  varied  from  0  to 1 phr in  ord er to s tu d y  th e e f fe c t  o f  d y n a m ic  
c u r in g  on  the o il resistan ce . T h e  co m p o u n d s  w er e  ch a ra cter ized  in  resp e c t  to  their  
m a ss  s w e l l ,  te n s ile  p rop erties , tear stren g th  and h ard n ess . T h e  P V C /N B R  
fo r m u la tio n s  h a v e  b een  e x p o s e d  to  air and o il  u n der id e n tic a l c o n d it io n s . T h e  
in f lu e n c e s  o f  o il and th e r m o -o x id a tiv e  a g e in g  o n  the m e c h a n ic a l p ro p er tie s  w ere
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characterized at room temperature and 100°c. It was found that at ambient 
temperature the samples immersed in oil possessed similar properties to those that 
were exposed to air. Profound enhancement in mechanical properties was observed 
for both environments at 100°c. The observed plan has been attributed to the 
increase in the degree of curing which was accompanied by a steady reduction in % 
mass swell with increased sulfur loading. The excellent mechanical behavior of the 
PVC/NBR TPEs even after immersing the samples in oil at 100°c evidenced for the 
good oil resistance of the materials.

2.6 Polylactic Acid (PLA)

Polylactic acid or polylactide (PLA) is a highly versatile, biodegradable, 
thermoplastic aliphatic polyester derived from 100% renewable resources such as 
com, tapioca products, sugarcanes and sugar beets. PLA offers great promise in a 
wide range of commodity applications. Chemical structure of PLA is shown in 
Ligure 2.25.

Figure 2.25 Chemical structure of PLA

In spite of its excellent balance of properties, the commercial viability has 
historically been limited by high production costs. Until now PLA has enjoyed little 
success in replacing petroleum-based plastics in commodity applications, with most 
initial uses limited to biomedical applications such as sutures.

❖  Degradation of PLA
The environmental degradation of PLA occurs by a two step process. During 

the initial phases of degradation, the high molecular polyester chains hydrolyze to

Polylactic acid
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lower molecular weight oligomers. This reaction can be accelerated by acids or bases 
and is affected by both temperature and moisture levels. Brittleness of the plastic 
occurs during this step at a point where the Mil decreases to less than about 40,000. 
At about this same Mn, microorganisms in the environment continue the degradation 
process by converting these lower molecular weight components to carbon dioxide, 
water, and humus. The structural integrity of molded PLA articles decreases as the 
molecular weight drops and eventually the article disintegrates. A typical degradation 
curve of PLA under composting conditions is shown in Figure 2.26.

Biodegradation of PLA in Compost at 60 c
A Mn % biodegradation (CQ2 Recovery)
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Figure 2.26 Degradation of PLA at 60°c (Ray E. Drumright et al.)

♦ > Processing of PLA
PLA resins can be tailor-made for different fabrication processes, including 

injection molding, sheet extrusion, blow molding, thermoforming, film forming, or 
fiber spinning. Injection molding of heat-resistant PLA products requires rapid 
crystallization rates, which can be achieved by PLA that contains less than 1% D- 
isomer and often with the addition of nucleating agents. These compositions allow 
high levels of crystallinity to develop during the fast cooling cycle in the mold. Thus 
the rheological characteristics and physical properties of PLA can be tailored for use 
in a variety of processes and applications.
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❖  Applications of PLA
Low-cost polylactic acid products are finding uses in many applications, 

including packaging, paper coating, fibers, films and a host of molded articles. The 
use of polylactic acid in these applications is not based solely on its biodegradability 
or because it is made from renewable resources. PLA is being used because it works 
very well and provides excellent properties at a low price. The use of PLA as a cost- 
effective alternative to commodity petrochemical-based plastics will increase 
demand for agricultural products such as corn and sugar beets, and will lessen the 
dependence of plastics on oil.

❖  Literature Review Regarding to PLA
G.H. Yew et al. (2009) studied, the composites consisting of PLA, rice starch 

(RS), and epoxidized natural rubber (ENR50) are compounded using a twin screw 
extruder followed by compression molding. Natural weathering tests are performed 
on the composites for 2 months. The average mean temperature and mean relative 
humidity are 29°c and 70%, respectively. The retention-ability of the PLA 
composites are relatively low, which may be attributed to the photo-degradation of 
PLA, chain scission of PLA, oxidation degradation on ENR, moisture absorption of 
RS, and leaching of RS particles. The extent of degradation is increased by the 
addition of ENR, owing to the fact that ENR is susceptible to oxygen attack, and 
consequently facilitates degradation. The morphological properties are transformed 
to a more brittle behavior, indicating that severe degradation has occurred on the 
PLA/RS composites.

KlinKlai พ. et al. (2009) studied, Natural Rubber/Polylactic acid/Epoxidized 
Natural Rubber (NR/PLA/ENR) blends with various ratios. The ENR having 33 
mol% epoxy group, then, was blended with NR and PLA in a Torque Rheometer at 
170°c. The composition of NR/PLA/ENR blend was 100/100/0, 100/90/10, 
100/70/30, 100/50/50, 100/30/70, 100/10/90 and 100/0/100 wt%, respectively. The 
NR/PLA/ENR was characterized through FTIR spectroscopy. FTIR spectrum 
revealed that there is no change in epoxy group content after blending. The effect of 
the blend ratio on the processing, physical properties, and thermal properties has 
been investigated. Density of the blend increases with the increase of PLA content. 
Glass transition temperature and melting temperature of the blends were independent



34

upon blend ratio. Tensile strength and % Elongation at break of NR/PLA blend 
increased as epoxidized natural rubber content increased. Blending of NR and PLA 
in the presence of ENR leads to the improvement in mechanical properties and 
thermal stability. Mechanical Properties values of blending is shown in Table 2.6.

Table 2.6 Mechanical Properties of blending as a function of blending ratio of 
PLA/NR/ENR (KlinKlai พ. et al., 2009)

Sample
NR

(%wt)
PLA

(%wt)
ENR

(%wt)

Tensile
strength
(MPa)

Impact
strength
(kJ/m2)

Density
(g/cm3)

1 100 100 0 8.61 5.5 1.108
2 100 90 10 11.32 9.0 1.050
3 100 70 30 19.60 17.2 1.029
4 100 50 50 14.36 14.6 1.007
5 100 30 70 15.23 12.0 0.994
6 100 10 90 12.65 7.6 0.964
7 100 0 100 10.50 - 0.960

2.7 Triacetin

Triacetin is the triester of glycerol and acetic acid. Somebody may know' in 
name of glycerin triacetate, triglyceride and 1,2,3-triacetoxypropane. The chemical 
structure of triacetin is show'ed in figure 2.27.

Triacetin is a clear, colorless acetate ester used for example in the 
manufacture of cigarette filters. Triacetin is also used for plasticising NBR and 
cellulose derivatives. Storage stability is available under suitable conditions and can 
be stored for one year in a stainless steel tank.
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Figure 2.27 Chemical structure of triacetin

Triacetin is readily soluble in aromatic hydrocarbons and most organic 
solvents. It is insoluble in aliphatic hydrocarbons, mineral oils and vegetable and 
animal oils. Solubility in water is low.

♦ > General Properties
The major features of triacetin are excellent suitability for the solidification of 

acetyl cellulose fibres for the manufacture of cigarette filters, very good dissolving 
power for a number of organic substances, good plasticising effect for various 
plastics such as celluloseacetates or celluloseacetobutyrates, good plasticising effect 
for cellulose-based paints, good compatibility with natural and synthetic rubber and 
good light resistance.

♦ > Applications
Triacetin is used for the solidification of acetyl cellulose fibres in the 

manufacture of cigarette filters. The water content must be kept constant to achieve 
constant solidification. Triacetin is also used as a support for flavourings and 
essences in the flood industry and as a plasticiser for chewing gum. In technical 
applications, triacetin is used for example as a core sand binder in the metal foundry 
sector. Another application is inks and printing inks. Triacetin is used as a highly- 
effective plasticiser for cellulose-based plastics.

*** Literature Review Regarding to Triacetin
Nor Azowa Ibrahim et al. (2010) were studied the effect of triacetin on 

poly(lactic acid) reinforced kenaf bast fiber composites. The results shown that 
triacetin acts as a good plasticizer due to the increase of tensile strength, 
improvement of thermal stability, increase of storage modulus, decrease of softening
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temperature. Moreover, from the SEM micrographs demonstrated that better 
adhesion between the fibers and the matrix. Finally, they found that the optimum 
fiber loading was 30 % wt kenaf fibers in the PLA matrix with the addition of 5 % 
triacetin.

Frank M. McMillan and De Loss E. Winkler (1952) studied the softening 
agent for rubber and resultant rubber composition. They found that the softening 
agents for natural rubber exhibit a plasticizing as well as softening and tackifying 
action, in some cases it may also be desirable to use additional plasticizers of which 
triacetin, stearic acid and dibutyl phthalate.

2.8 Organoclays

Organoclays are manufactured by modifying bentonite with quaternary 
amines, a type of surfactant that contains a nitrogen ion. The nitrogen end of the 
quaternary amine, the hydrophilic end, is positively charged, and ion exchanges onto 
the clay platelet for sodium or calcium. The amines used are of the long chain type 
with 12-18 carbon atoms. After some 30 percent of the clay surface is coated with 
these amines it becomes hydrophobic and, with certain amines, organophilic.

In this work, organoclay made from DEHYQUART® F 75 surfactant type 
containing distearoylethyl hydroxyethylmonium methosulfate and cetearyl alcohol. 
The main component of organoclay is bentonite, a chemically altered volcanic ash 
that consists primarily of the clay mineral montmorillonite. The bentonite in its 
natural state can absorb up to seven times its weight in water, after treatment can 
absorb only 5 to 10 percent of its weight in water, but 40 to 70 percent in oil, grease, 
and other sparingly-soluble, hydrophobic chlorinated hydrocarbons. As the 
organoclay is introduced into water, the quaternary amine is activated and extends 
perpendicularly off the clay platelets into the water. A chlorine or bromine ion is 
loosely attached to the carbon chain. Since the sodium ions that were replaced by the 
nitrogen are positively charged, they bond with the chlorine ion, resulting in sodium 
salt that is washed away. The result is a neutral surfactant with a solid base, which is 
the organoclay. The hydrophilic end of the amine dissolves into the oil droplet
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because "like dissolves like," thus removing that droplet from water. Because the 
partition reaction takes place "outside" of the clay particle (in contrast to adsorption 
of oil by carbon, which takes place inside its pores), the organoclay does not foul 
quickly. Organophilic clay can function is as a prepolisher to activated carbon, ion 
exchange resins, and membranes (to prevent fouling), and as a post polisher to 
oil/water separators, dissolved air flotation (DAF) units, evaporators, membranes, 
and skimmers. Organophilic clay powder can be a component or the main staple of a 
flocculent clay powder. They are excellent adsorbers for the removal of oil., 
surfactants, and solvents, including methyl ethyl ketone, t-butyl alcohol (TBA), and 
others.

❖  Applications
By removing oil and greases at an extremely high volume/weight ratio, 

organophilic clays can save an end user fifty per cent or more of operations costs. 
Organophilic clay may be disposed of through landfilling, fuel blending, asphalt 
plants, or stabilization. As long as the clay passes the liquid paint filtration test, it can 
be disposed of in the dumpster of a facility whose contents are landfilled. 
Environmental applications of organophilic clays include groundwater cleanup at old 
disposal sites and underground storage tank sites as well as the treatment of landfill 
leachates.

In processing field, organoclay can used as reinforcing agent, filler and 
compatibilizer, i.e., added organoclay into NR sulfur-cured system to increase 
mechanical properties, added organoclay into PLA/ENR to incease compatibility and 
used as reinforcement fillers in PP/EPDM and NR/SBR blends.

❖  Literature Review Regarding to Organoclay
Ranumas Thipmanee, Rathanawan Magaraphan and Tarinee Nampitcb 

(2009) were studied mechanical properties and morphology of poly(lactic acid) 
(PLA) / epoxidized natural rubber (ENR) / organoclay nanocomposites. The results 
found that the addition of organoclay improved the tensile strength and modulus of 
the PLA/ENR blend because the organoclay acted as reinforcing agent. At the twice- 
functionalized organoclay (TFC) content of 5 and 7 % wt improved the better results 
than that of C25A. This result suggested that the epoxy group grafted onto TI C
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helped increase the compatibility of ENR and PLA by interaction with the epoxide 
group and the hydroxyl group.

P. L. TEH et al. (2003) were studied cure characteristics and mechanical 
properties of natural rubber/organoclay nanocomposites. They found that cure time 
(t9o) decreased with increasing filler content from 0 -10 phr but showed slight 
increases in maximum torque. The mechanical properties: tensile strength increased 
gradually up to 2 phr filler loading due to uniformly dispersed in the natural rubber 
matrix. The filler has high aspect ratio which tends to improve interfacial bonding 
and form filler-rubber interaction because of the high specific surface area of the 
filler. Further increase in filler loading after 6 phr of organoclay resulted in a 
reduction in the tensile properties because when the filler content is high, the filler 
tends to form agglomerate. The same trends are observed for elongation at breaks 
and tear strength.

H. Ismail and R. Ramli (2012) were studied organoclay filled natural rubber 
nanocomposites: the effects of filler loading and mixing method. The results shown 
that there is cure enhancement of organoclay filled NR nanocomposites with 
increased filler loading. Cure time and scorch time of NR nanocomposites prepared 
by solution mixing are shorter that those prepared by mechanical mixing. The 
maximum torque increases with increasing filler loading. Moreover, addition of 
organoclay in NR nanocomposites increases the tensile modulus, elongation at break 
and tensile strength (until 4 phr of filler).

L. E. Yahaya et al. (2010) were studied natural rubber/organoclay 
nanocomposites: effects of filler dosage on the physicomechanical properties of 
vulcanizates. They found that there was remarkable enhancement in the tensile and 
tear properties of the NR vulcanizates with increasing filler loading. This can be 
attributed to the strong rubber-filler interaction. Further, evidence of the interaction 
was obtained from the swelling behavior, which decreased as filler loading increases 
and the chemical crosslink density of the nanocomposites increases with increasing 
dosage until an optimum of 6 phr was attained. Evidence from SEM indicates that 
the failure mechanism is strongly dependent on the reinforcement effect on the 
modified filler marked by a higher extent of filler-rubber matrix interaction.
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